This review highlights various methods that can be used for a sensitive detection of nucleic acids without using thermal cycling procedures, as is done in PCR or LCR. Topics included are nucleic acid 
Introduction
Sensing nucleic acid sequences is vital in modern biology and medicine and the field has grown exponentially since the 1990s, and is likely to continue to increase in importance over the next few decades. The detection of pathogenic bacteria/ viruses and cancer genes in a patient's sample can be critical to decisions that impact patient's recovery. Seminal discoveries made by several groups have linked the susceptibility to diseases such as cancer or the differences in drug metabolism to single nucleotide polymorphisms (SNPs) and short insertion/ deletion variations. 1 Several studies have also shown that RNA plays a key role in cancer development. [1] [2] [3] [4] [5] [6] [7] [8] [9] Human miRNA genes are often found near cancer-associated genomic regions and fragile sites and some miRNAs have lower levels of expression in cancer samples compared to normal tissues. 2 Abnormal expression of miRNAs has been found in cancers including chronic lymphocytic leukaemia, 3 colorectal neoplasia, 4 paediatric
Burkitt lymphoma, 5 lung cancer, 6 large cell lymphoma, 7 glioblastoma, 8 and B cell lymphomas. 9 Profiling miRNA tools are therefore required for the understanding of the expression pattern of miRNA. The detection of nucleic acid sequences without prior purification and amplification, in cells or in biological fluids, and even directly in living organisms is highly desirable. The demand for detecting specific nucleic acid sequences of different lengths to aid clinical diagnosis and for understanding fundamental biology has spurred the development of a myriad of DNA/RNA detection technologies. 10 The polymerase chain reaction (PCR) can be used to exponentially amplify a few copies of target genes to concentrations that could be readily detected via a variety of means. Due to the need for a duplex melting step during the PCR cycle, which requires heating, PCR is not appropriate for the detection of nucleic acid sequences in live cells. Isothermal nucleic acid amplification strategies, especially those that would work at cellular temperatures (30-37 1C) could aid studies that aim to understand the temporal expression of genes in live cells. For in vitro applications, the need for a thermal cycling instrument or skilled technician to conduct the PCR assay (both of which require capital investment) can sometimes be prohibitive for resourcepoor settings. These aforementioned limitations of PCR-based DNA/RNA detection assays have spurred the development of various isothermal detection platforms that amplify the target, the signal or both. The aim of this review is to highlight some of the nucleic acid detection methodologies that do not require thermal cycling procedures, such as polymerase chain reactions (PCR) or ligase chain reaction (LCR). We acknowledge that this review does not cover every isothermal DNA/RNA detection technology that has been reported to date, as it would be impractical to do so in a single review, and the omission of any amplified isothermal detection strategy does not imply that the omitted strategy is deemed to be unexciting. The reader is referred to other excellent reviews on this topic, such as the review by Asiello and Baeumner, which focused on miniaturized isothermal nucleic acid amplification 11 , and by Wilson, which focussed on gold nanoparticles for detection. 12 Also, the reviews by Dong 13a and Li 13b on isothermal nucleic acid detection of microRNA are complementary to this review. 13 2.0 Isothermal nucleic acids detection without amplification
In situ hybridization (ISH)
In situ hybridization (ISH) is an isothermal method that was developed in the late 1960s by Pardue and Gall. 14 It was introduced into bacteriology by Giovannoni, who was the first to use radioactively labeled oligonucleotide probes for the detection of bacteria. 15 Radioactive labels were gradually replaced by non-isotopic dyes with the development of fluorescent labels, 15 which provide better safety and resolution (compared to the radioactive probes). Moreover, fluorescent probes can be labeled with dyes of different emission wavelengths, thus enabling detection of several target sequences during a single hybridization step (multiplexing). In 1989, fluorescently labeled oligonucleotides were used for the detection of microbial cells by DeLong. 16 Since then, fluorescence in situ hybridization (FISH, see Fig. 1 ) has become a popular technology, especially in cytogenetics, where FISH is used to identify sequences on chromosomes. 17 For sequence analysis using FISH, unhybridized probes have to be removed and this precludes the use of FISH to study nucleic acid processing in live cells. The rest of this review is mainly focused on nucleic acid detection assays that do not include tedious washing steps.
Molecular beacon (MB)
Molecular beacon (MB) was introduced in the 1990s by Tyagi and Kramer and has been successfully utilized in diverse applications. [18] [19] [20] [21] [22] Molecular beacons are single-stranded oligonucleotide hybridization probes, which form a stem-loop structure. The sequences of the two sides of a MB probe are complementary, so a duplex stem can form by hybridization of the two arms. The loop is comprised of a sequence that is complementary to a target sequence. A fluorescent dye is labelled at the end of one arm and a quencher is labelled at the end of the other arm (see Fig. 2 ). The fluorophore is ''dimmed'' by the quencher when they are positioned close to each other in the stem-loop structure. However, when a MB binds to a complementary strand (target analyte), the stem-loop structure opens up and this results in a separation of the fluorophore and the quencher. Therefore, fluorescence is restored (Fig. 2) . Multiplexing with MB, using different fluorophores has been demonstrated. 20 By using several molecular beacons, each designed to recognize a different target and each labeled with a different fluorophore, multiple targets can be identified in the same solution, even if they differ from one another by as little as a single nucleotide. A major limitation of the traditional MB is low sensitivity (one target usually gives one fluorescence signal, although a few MB probes that contain multiple fluorophores per MB probe have also been described). Other limitations of MB include the interference of the MB stem with target hybridization, 23 poor discrimination of single nucleotide polymorphism (SNP), 24 or incomplete fluorophore quenching 25, 26 and although attempts have been made to resolve these aforementioned problems associated with MB, there is still room for improvement.
Other nucleic acid detection strategies that rely on the release of a quenched fluorophore have also been described. [27] [28] [29] For example, toehold strand displacement has been used to detect nucleic acids (see Fig. 3 and 4) . A toehold strand displacement uses a DNA duplex with a ''sticky'' end (usually few bases long). When a DNA/RNA analyte binds to the ''sticky'' end portion of the probe, the analyte exchanges with one of the strands in a displacement process. It has been shown that the length of the toehold affects the rate of strand displacement, with an enhancement factor of up to 10 6 being reported. 30 
Isothermal nucleic acids detection with amplification
Despite the great advances that have been made in detecting nucleic acids in vitro or in vivo with MB probes or ''toehold'' probes, the sensitivity issue associated with non-amplifiable detection strategies has necessitated the development of other isothermal strategies that either amplify the initial target analyte or signal. The sections below highlight some of the isothermal DNA/RNA detection methods that utilize an amplification strategy (isothermal detection concepts are summarized in Fig. 5 and Table 1 summarizes the different detection platforms that are covered in this review). Fig. 5A describes template-directed polymerization followed by template regeneration. For this strategy, a polymerase converts a single stranded target analyte into a duplex and different strategies (nonthermal) are used to regenerate the single strand, which then serves as a template to start another amplification process. Fig. 5B demonstrates Template enhanced Hybridization Processes (TeHyP). For this strategy, two probes that have limited complementarity and hence do not form stable complexes at the assay temperature can be made to associate with each other in the presence of a target that binds to both probes in a juxtaposed manner. Binding of the two probes can then create functional/structural nucleic acid structures, such as an active DNAzyme or a recognition sequence for a DNA modifying enzyme, such as a nuclease. Fig. 5C depicts template-directed depolymerisation followed by amplified sensing (catalysis). For this strategy, the catalytic activity of a nucleic acid enzyme (such as a DNAzyme or RNAzyme) is inhibited via stem-loop formation. Upon binding to a target, the stem-loop inhibition is relieved and the catalyst becomes active. Incorporation of a degradation step by an exonuclease allows for target regeneration and hence amplified sensing.
In toehold-mediated processes (see Fig. 5D ), a stem-loop with a ''sticky'' end can be opened up with an analyte and the unveiled sequences, which were previously unavailable to act as templates due to participation in the stem duplex formation, can be used to trigger further stem-loop openings and formation of active enzymes or nanostructures. In the template-directed ligation process (see Fig. 5E ), a template analyte is used to facilitate the ligation of two probes, which in the absence of a template would hardly react with each other. The ligation process can be coupled to a fluorogenic reaction for detection. Fig. 5F summarizes template-directed catalysis. In this process, the target analyte binds to both the catalyst and substrate to decrease the ''effective Km'' for the catalytic process. In template-directed aggregation or chain reaction (see Fig. 5G ), a template is used to initiate a chain reaction, which results in the formation of supramolecular aggregates that are easily detected.
Nucleic acid sequence-based amplification (NASBA)
Nucleic acid sequence-based amplification (NASBA) 31 is an isothermal amplification method designed to detect RNA targets (Fig. 6 ). With this method, the forward primer (primer 1 (P1) in Fig. 6 ) is composed of two parts, one of which is complementary to the 3 0 -end of the RNA target and the other to the T7 promoter sequence. When the P1 binds to the RNA target (RNA (+)), reverse transcriptase (RT) extends the primer into a complementary DNA (DNA (+)) of the RNA (step-1). RNase H then degrades the RNA strand of the RNA-DNA (+) hybrid (step-3). The reverse primer 2 (P2 in Fig. 6 ) then binds to the DNA (+) (step-3), and a reverse transcriptase (RT) produces double stranded DNA (dsDNA) (step-4), which contains a T7 promoter sequence. After this initial phase (Fig. 6 , steps 1 to 5), the system enters the amplification phase (Fig. 6 , steps 6 to 10). The T7 RNA polymerase generates many RNA strands (RNA (À)) based on the dsDNA, and the reverse primer (P2) binds to the newly formed RNA (À) (step-6). RT extends the reverse primer (step-7) and RNase H degrades the RNA of the RNA-cDNA duplex into ssDNA (step-8). The newly produced cDNA (DNA (+)) then becomes a template for P1 (step-9) and the cycle is repeated (step-10; amplification cycles). NASBA achieves 10 million fold amplification in 1-2 h. The endonuclease cleavage reveals a 3 0 -OH, which is then extended by DNA polymerase. The newly generated strand still contains a nicking site for HincII. Subsequent nicking of the newly synthesized duplex, followed by DNA polymerasemediated extension is repeated several times and this leads to an isothermal amplification cascade. A more sensitive later generation of SDA uses four probes (B1, B2, S1 and S2), instead of two (see Fig. 8 ). 40 In the secondgeneration SDA platform, probes B1 and S1 (or B2 and S2) bind to the same DNA strand (see Fig. 8 ). Primers S1 and S2 contain HincII recognition sequences and the four primers are simultaneously extended by DNA polymerase using dGTP, dCTP, TTP and dATPaS. Extension of B1 displaces the S1 primer extension product, S1-ext. Likewise, extension of B2 displaces S2-ext. Extension and displacement reactions on templates S1-ext and S2-ext produce two types of fragments: one has a hemiphosphorothioate HincII site at each end and the other has a hemiphosphorothioate HincII site at just one end. SDA products can be detected via a variety of means, including the use of molecular beacons 41, 42 and intercalating dyes, 43,44 whose fluorescence gets enhanced upon binding to nucleic acids. The SDA technique has been combined with a ligation reaction to detect SNP (see Fig. 9 ). 45 For this interesting ligation-SDA technique, Wang et al. incorporated a G-quadruplex unit into their design to allow for a DNAzyme/hemin-based chemiluminescence detection. The target DNA is denatured and primers (B1, B2, S1, and S2) are allowed to bind. Primers S1 and S2 have HincII recognition sites; (B) after binding of primers, the primers are simultaneously extended by exo-klenow in the presence of dCTP, TTP, dGTP, dATPaS. Once B1 and B2 are extended they displace the S1 and S2 extension products, S1-ext and S2-ext. Remaining primers (B1, B2) bind to S1-ext and S2-ext and are again extended by exo-klenow; (C) the new extended primers contain two phosphorothioate HincII recognition sites as well as two products with just one phosphorothioate HincII recognition site; (D) the resulting amplified target sequences with phosphorothioate HincII recognition sites are nicked by HincII. Exo-klenow then extends the strand at the nick in the presence of dCTP, TTP, dGTP, and dATPaS. This can be carried out over and over again resulting in an exponential amplification (steps 3 and 4). (Adapted from ref. 40 with permission. Copyright 1992, Oxford University press.)
Loop-mediated amplification (LAMP)
Loop-mediated amplification (LAMP) is an isothermal method that has been shown to display amplification levels that approach that of PCR. 45 LAMP also achieves high target specificity and this is due to the fact that two sets of primers spanning 6 distinct sequences of the target are used. The steps of LAMP are illustrated in Fig. 10 . 46 Two primers in the forward primer set are named inner (F1c-F2, c strands for ''complementary'') and outer (F3) primers. At around 60 1C, the F2 region of the inner primer first hybridizes to the target, and is extended by a DNA polymerase. The outer primer F3 then binds to the same target strand at F3c, and the polymerase extends F3 to displace the newly synthesized strand. The displaced strand forms a stem-loop structure at the 5 0 end due to the hybridization of F1c and F1 region. At the 3 0 end, the reverse primer set can hybridize to this strand and a new strand with stemloop structure at both ends is generated by the polymerase. The dumbbell structured DNA enters the exponential amplification cycle and strands with several inverted repeats of the target DNA can be made by repeated extension and strand displacement. LAMP can amplify a few copies of the target to 10 9 in less than one hour, even when large amounts of non-target DNA are present. 46 LAMP has been applied to detect a variety of viral pathogens, including dengue, 47 Japanese Encephalitis, 48 Chikungunya, 49 West Nile, 50 Severe acute respiratory syndrome (SARS), 51 and highly pathogenic avian influenza (HPAI) H5N1, 52 etc. Recently, Fang et al. used LAMP to detect multiple genes in a microfluidic platform. 52 The major disadvantage of LAMP is that the design of the primer sets can be complicated, since 6 regions of the target are covered.
Invader assay
The Invader assay ( Fig. 11 ) is a structure-specific assay that utilizes a flap endonuclease. 53 The two oligonucleotide probes that are used in the invader assay bind to the target in a juxtapose manner, but upon target binding a structure-specific ''flap'' is created at the junction where the two probes meet (see Fig. 11 ). This flap can be cleaved by a cleavase (flap endonuclease) so if a fluorophore and quencher are positioned around the cleavage site, then the separation of the fluorophore and quencher would generate enhanced fluorescence. The fluorophore-labelled probe is designed to have a melting temperature close to the assay temperature to enable the probe to frequently bind and detach. When the probe binds, the flap endonuclease cleaves it, and after detachment a new intact fluorescently labelled probe anneals to the same site. It has been estimated that for one target about 3000 cleavages can be done in about 90 min. 54 Although an amplification of 3000 in 90 min is good, it is not high enough for the detection of low copy number targets and so for low analyte concentrations an initial PCR amplification of the target is necessary before the invader reaction.
In an attempt to increase the sensitivity of the Invader assay, Hall et al. reported an interesting strategy that combined two Invader cleavage reactions into a single homogeneous assay (Fig. 12) . 55 The first cleavage reaction in the strategy by Hall and co-workers is similar to the original Invader assay strategy. However after the first cleavage step, the flap sequence, once released, acts as Invader oligonucleotide and anneals to another FRET cassette, which can be cleaved by flap endonuclease (see Fig. 12 ). Therefore a single target can lead to Bn 2 signals (where n is the signal generated by the first generation Invader assay). The Invader assay has been used to detect the factor V gene (named Leiden mutation, a well-known hereditary risk factor for venous thrombosis), 54 genes responsible for Japanese hearing loss, 56 human papillomavirus DNA, 57 microRNA from HeLa and Hs578T cells, 58 and herpes simplex virus types 1 and 2, 59 amongst others. Fig. 9 SDA-Ligase-G-quadruplex peroxidase detection strategy. P = 5 0 -phosphate. This strategy could be used to detect single nucleotide polymorphisms (SNPs). Two discriminating probes 1 and 2 contain sequences complementary to the 5 0 -terminal sequence of mutant target or the wild-type target and probe 3 can hybridize with 3 0 -terminal sequence of both mutant target and the wild-type target. When the discriminating probe and probe 3 perfectly anneals with the target, they are ligated by a ligase, followed by two SDA reactions. The SDA products are hemin aptamer. The hemin-aptamer can catalyze the oxidation of luminol to give chemiluminescence signal. If there is a mismatch between the discriminating probe and the target, ligation does not take place and SDA reactions cannot be initiated. As a result, no chemiluminescence signal can be detected. 
Rolling circle amplification (RCA)
In the 1990s it was reported that DNA polymerase can utilize circular templates to make a long linear strand, containing multiple copies of a given sequence and this process was referred to as rolling circle amplification (RCA). [60] [61] [62] RCA can be coupled to the ligation of a padlock probe (in the presence of a target analyte) to provide sensitive detection of nucleic acids.
61,63
The padlock probe is a single probe that contains 3 0 -and 5 0 -end sequences that bind to target sequences in a juxtapose manner to aid a ligase-mediated circularization of the padlock probe if the 5 0 -end is phosphorylated (Fig. 13 ). After circularization of the padlock probe, a primer and DNA polymerase are used to produce long repeating DNA sequences, which can then be detected via a variety of methods ( Fig. 13 ).
64-68
The padlock probe has been used to detect several diseaserelated genes, 69 such as cystic fibrosis transmembrane conductance regulator (CFTR) G542X mutation (leading to cystic fibrosis), Epstein-Barr virus (EBV) in human lymphoma specimens, 70 influenza A H1N1 and H3N2 mutations, 71 porcine circovirus type 2, 72 and Listeria monocytogenes, 73 among others. In a recent interesting development, Kool and co-workers reported a ligase-free padlock-type probe assay using templated chemical ligation to make the circular probe for RCA. 74 Target sequence recycled rolling circle amplification (TR-RCA) is based on RCA but does not utilize ligases as is done in padlock probes (Fig. 14) . 75 In the original RCA technique, the target facilitates the circularization of the probe, which is then used as a template for RCA. However, for TR-RCA, the circular DNA template that is required for the amplified sensing is already circularized but the primer-binding site is ''sequestered'' in the duplex region of the dumbbell. Upon target binding, the duplex region opens up to enable the primer to bind for the RCA process to begin. TR-RCA has been used to detect fM target. 67, 75 RCA has been used extensively to detect nucleic acids and space limitations prevents an exhaustive description of all of the applications. 67, 76 Of note, it has been used to detect mRNA expression levels in individual cells as well as microRNA, both in vitro and in situ.
77
Rolling circle amplification is an efficient way to amplify RNA or DNA targets but the amplification is linear. To improve upon the sensitivity of RCA both forward and reverse primers have been used. During the normal RCA process, the forward primer produces a multimeric ssDNA, which then becomes the template for multiple reverse primers. The DNA polymerase then extends the reverse primer, and during the extension process the downstream DNA is displaced to generate branching or a ramified DNA complex. When all of the ssDNA strands have been converted into dsDNA, the process ceases. This type of amplification is called hyperbranched RCA (or ramification amplification, RAM), see Signal mediated amplification of RNA technology (SMART) is based on the formation of a three-way junction (3WJ) structure. As shown in Fig. 16 , the amplification is initiated by hybridization of the analyte to the two probes. The two probes are also partially complementary to each other but this complementarity is not extensive enough for the two probes to associate with each other in the absence of a template under assay conditions. Upon target (or analyte) binding to the two probes a 3WJ is formed and a DNA polymerase elongates the shorter probe to produce a double stranded DNA. The longer probe contains a T7 promoter sequence so after polymerization, this promoter sequence (which is now a duplex) can facilitate the synthesis of RNA by T7 RNA polymerase (RNA1 in Fig. 16 ). Since a single DNA template can generate multiple RNA copies, SMART is an amplified sensing technology. The generated RNA can be detected by an enzyme linked oligosorbent assay (ELOSA) or molecular beacon for example. 79 SMART is sensitive and has been shown to detect 50 pM analyte in a few hours. 79 Genomic DNA and rRNA of E. coli has Schematic illustration of allele-specific cleavage mechanism in Invader assay, in the presence of flap endonucleases. The Invader assay contains two oligonucleotide probes, which can hybridize to target DNA. When bound to target DNA, a three-dimensional invader structure is formed, which is recognized by flap endonucleases. The cleavage reaction by flap endonucleases generates fluorescent output signal. When the probe does not match the allele present in the target DNA, there will be no overlapping invader structure and the probe cannot be cleaved.
been detected with SMART, even when crude samples without sophisticated sample preparation were used 79 SMART has also been applied to detect DNA and mRNA of marine cyanophage virus 80 amongst others.
Helicase-dependent amplification (HDA)
Helicase-dependent amplification (HDA) is a polymerase-based isothermal amplification method, which uses helicase to separate double stranded DNA instead of heat. 81 During the amplification, helicases unwind DNA duplexes and single-stranded DNA binding proteins (SSB) stabilize the resulting single strands (step-1), which hybridize to primers (step-2). DNA polymerase then extends the primers (step-3) and the newly formed duplexes can act as templates for the subsequent cycles (step-4) (Fig. 17) . The whole process is performed at one temperature so thermal cycling is not required. By using a thermally stable helicase, the assay can be performed at 60 1C and this results in improvement in sensitivity and specificity and also eliminates the need for accessory proteins in this assay. 82 A helicase-polymerase fusion complex was developed and shown to be able to amplify a 1.5 kb target. The specificity using the helicase-polymerase fusion complex was similar to that obtained using a separate DNA polymerase and helicase. 83 HDA can be used on targets in complex biological matrices (such as crude bacterial lysates or blood) and can achieve one million-fold amplification 81 and it has been used to detect multiple targets, such as the genomic fragments of Treponema denticola, and the parasite Brugia malayi. 
Recombinase polymerase amplification (RPA)
Recombinase is a protein, which catalyses the hybridization process of short oligonucleotide primers with the homologous target sequence. During a recombinase polymerase amplification (RPA), the recombinase-primer complexes initiate the amplification cycle by scanning the duplex template for homologous sequences. Once the specific site is found, the enzyme opens the double strands to allow for the hybridization of the primer and target sequence. This process is aided by ssDNA binding proteins, which bind to the ''melted'' DNA (see Fig. 18 ). The primer is then elongated with the newly synthesized strand displacing the old strand. The newly synthesized duplex can then act as a template for the next cycle (therefore exponential amplification is achieved). 84 RPA is fast and sensitive, but background noise can be an issue. To eliminate background noise, a primer that contains a cleavage site for the double-strand-specific Escherichia coli endonuclease IV (Nfo), which recognizes and cleaves a tetrahydrofuran abasic site in duplexes, is used. This primer can be used for the DNA polymerase extension step only after it has been cleaved by the endonuclease to reveal a 3 0 -OH end. The primer can be labeled with a fluorophore and quencher so that the cleavage reaction is accompanied by enhancement of fluorescence (Fig. 19) . The endonuclease cleavage step in RPA serves as an additional proofreading step to eliminate background noise. 84 Using RPA, three genetic markers, apolipoprotein B, sexdetermining region Y and porphobilinogen deaminase from complex human genomic DNA were amplified, and Bacillus subtilis genome (only 10 copies) could be detected. 84 The reaction conditions for RPA are however stringent and detection using crude samples could be problematic. Nicking endonuclease usually does not cleave ssDNA, but recognize a double stranded cognate site and nick only one strand. In an interesting colorimetric assay that utilizes nicking endonuclease, developed by Liu et al., a probe can aggregate oligonucleotide-labeled gold nanoparticle to cause a color change. If a target is fully complementary to the linker probe, this linker probe would bind to it and a nicking endonuclease would cleave the probe. The cleaved probe is now unable to aggregate the gold nanoparticle so the intensity of color change would be less in the presence of the target analyte. If the target contains an SNP, then cleavage by the nicking endonuclease is inhibited so one could distinguish between SNPs using this method (Fig. 20) . 85 Because the target can be recycled in this assay, amplified sensing is achieved. Despite the simplicity of this assay, the requirement of a nicking endonuclease cognate site in the target sequence precludes the possibility of detecting all target sequences. Yang et al. designed a probe, which could form a G-quadruplex upon cleavage by NEAse after binding to the target (see Fig. 21 ). Upon binding to a target, the NEAse enzyme cleaved the target, which could then folds into a G-quadruplex. G-quadruplexes are peroxidase mimics so this method could be used for colorimetric or chemiluminescence detection (Fig. 21) . 88 The detection limits using the combined NEAse/G-quadruplex strategy are 10 pM using a colorimetric reagent and 0.2 pM using a chemiluminescence reagent.
Exonuclease III-aided target recycling approach
Exonuclease III is a dsDNA specific nuclease and hardly cleaves ssDNA. It is now finding increased use in nucleic acids diagnostics. 89, 90 Plaxco et al. demonstrated an isothermal amplified detection of nucleic acids, using a catalytic MB approach by utilizing exonuclease III. 89 Exonuclease III nonspecifically digests double strands DNA, from a blunt 3 0 end.
The MB probe, which contains a ''sticky'' 3 0 -ssDNA end (toehold), is not cleaved by exonuclease III. Upon binding to a target DNA, a blunt 3 0 end is created and this can be digested by exonuclease III (Fig. 22) . Fluorescent signal enhancement can therefore be obtained if the MB probe is appropriately labelled with a fluorophore and quencher. Catalytic MB that utilizes exonuclease III provides a simple and sensitive detection method and analytes as low as 20 aM could be detected (although a long assay time of 24 hours is required for low copy number analytes). Bo Tang and co-workers reported an interesting electrochemical detection of nucleic acids using exonuclease III and probes that could form G-quadruplexes after an exonuclease III digestion (see Fig. 23 ). 91 In this approach, a duplex probe that is attached to a gold electrode contains a single strand overhang, which can bind to a target DNA. One strand of a duplex probe is G-rich and could potentially form a G-quadruplex. After the target binds to the single strand portion of duplex probe, exonuclease III cleaves one of the probe strands and this results in the other strand folding into a G-quadruplex. The reassembled G-quadruplex then binds to hemin and the bound hemin could be detected electrochemically. A limit of detection of 10 fM was reported for this approach.
Junction or Y probes
Restriction endonucleases (REAses) cleave duplex DNA to form either a blunt end or a sticky end. These enzymes are finding increasing use in nucleic acid diagnostics. There are over 3500 characterized REAses so there are many opportunities to use this class of enzyme for varied diagnostic purposes. One of the disadvantages of using REAses for nucleic acid diagnostics is the need to have a specific recognition site in the target analyte. It has been demonstrated that this requirement to have the recognition site in the target sequence can be obviated when probes that form Y or junction structures are used (see Fig. 24 ). 92 In the junction probe strategy, two probes that have limited complementarity (usually 4-6 base pairs) do not bind to each other to an appreciable extent but when an analyte that binds to the two probes in a juxtapose manner is present, a Y-structure is formed (a Template-enhanced Hybridization Process, TeHyP). If the segment of complementarity between the two probes contains a restriction endonuclease recognition site, then the formation of the Y-structure would lead to REAse cleavage and the process can be repeated, leading to amplified sensing under isothermal conditions. In the last few years, various modifications to the junction probe (JP) platform have been reported. [93] [94] [95] [96] [97] For example, it has been shown that the It has been suggested that the incorporation of a phosphorothioate into one of the probes of the JP system prevents an inhibition cycle (see Fig. 25 ). Sintim and co-workers have shown that the architecture of the probes (they refer to these as probe overhangs) can have dramatic influences on the rate of Y-structures by REAses (see Fig. 26 ). 93, 95 Others have also reported a nicking-based junction probe strategy (using nicking endonucleases) 98 but the nicking endonucleases used required 7 base pairs for recognition 98 (compared to only 4 required by REAses, such as BfuCI). It has been shown that increasing the hybridization number between the two JP probes can lead to significant background noise 93 so REAses, with phosphorothioate protection, might be better suited for a more sensitive detection than nicking endonucleases. Electrochemical JP has also been described, using methylene blue-labeled probe that is affixed to a gold electrode for a turn-off 97 and turn-on 94 detection (see Fig. 27 ). In a recent interesting development, Ju and co-workers combined junction probes, immobilized on a surface, with rolling circle amplification to achieve an impressive detection limit of 11 aM (see Fig. 28 ). 99 Komiyama and co-workers have also described an interesting three-way junction probe primer-generating rolling circle amplification to sensitively detect RNA and achieved 15.9 zmol 
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synthetic RNA and 143 zmol in vitro transcribed human CD 4 mRNA. 101 Other Y structure-based strategies to detect nucleic acids, which do not utilize endonucleases have also been described. For example Dervan showed that Y-forming probes could be used to detect duplex DNA as far back as 1991 (see Fig. 29 ). 100,102 Fu and co-workers have also described an electro- 
Catalytic beacons based on reactivation of enzymatic activity
Ghadiri and co-workers demonstrated amplified detection of nucleic acids using a ssDNA sensor that was labeled at one end with a protease from Bacillus cereus and its inhibitor (phosphoramidon) 104 at the other end to form an inactive protease.
Upon target binding to the ssDNA portion of the sensor, the protease inhibition was relieved and the active enzyme could then cleave a Fluorogenic substrate to generate a signal in an amplified fashion (see Fig. 30 ).
105
Using a similar strategy to Ghadiri's, Willner and co-workers utilized a G-quadruplex to inhibit thrombin. Upon target hybridization to the ssDNA part of the thrombin-ssDNA G-quadruplex conjugate, the inhibition of thrombin was relieved to allow for the cleavage of a fluorogenic substrate to give amplified fluorescent signals (see Fig. 31 ). 106 
Ultrasensitive detection using concurrent isothermal detection strategies
The various isothermal detection strategies that have been developed over the years are beginning to be put into use for the detection of nucleic acids from biological samples. Recently Xia and co-workers demonstrated an ultrasensitive detection of microRNA (Limit of Detection (LOD) of 1 aM at 4 1C) using concurrent amplification cycles involving polymerase extension, nicking endonuclease cleavage and exonuclease-mediated target recycling (see Fig. 32 ). 107 Encouragingly, this detection assay could be used to detect microRNAs in crude extracts of cancer cells, MCF-7 and PC3. Ellington and co-workers have also demonstrated that catalytic hairpin assembly (CHA) can be combined with several isothermal amplification methods, including LAMP, 108 SDA 109 and RCA, 109 to provide a more sensitive detection of nucleic acids. The authors pointed out that CHA is adaptable to different temperatures, buffers, enzymes and detection modalities and therefore holds promise for improving upon many of the isothermal detection strategies developed to date. 109 
Split peroxidase-like DNA enzyme probes
A hemin binding G-quadruplex DNA peroxidase 110 has been incorporated in the design of split peroxidase-like DNAzyme probes (Fig. 33) . [111] [112] [113] In this strategy, the two probes contain Combining junction probe and rolling cycle amplification to achieve ultrasensitive detection of nucleic acids. In this strategy, the cleaved immobilised junction probe is used for RCA amplification. The amplified strand is then bound to multiple oligonucleotides, which are conjugated to quantum dots (QDs). As these oligo-QD probes are brought closer to the electrode, facile electron transfer can occur, leading to detectable electrochemical signal. T4 ligase is used to make circular template in situ. Fig. 33 ) 111 or uneven ((B) in Fig. 33) . 112, 113 When the two probes are separate, they show no or very low peroxidase activity. When the target hybridizes to both of the two probes, the G-quadruplex peroxidase-like DNAzyme is assembled. The hemin-G-quadruplex complex can oxidize ABTS (2,2 0 -azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid)) with H 2 O 2 and the color change associated with the reaction can be visually monitored. It has been reported that the introduction of a stem-loop or loop-stem-loop motif connecting the G3-tracts in a G-quadruplex structure can effectively reduce the background noise (signal generated in the absence of target gene) and sub-nanomolar target could be detected (Fig. 33(C) ).
113
Split peroxidase-like DNA enzyme probes assay was applied for the detection of PCR amplified DNA from Salmonella and mycobacterium. 114 The assays are fast (reactions complete in minutes) and convenient (visually detectable signals are produced), but it is limited by the detection of nanomolar analyte. Several molecular beacon-based peroxidase-mimicking DNAzymes for the detection of DNA and RNA under isothermal conditions have also been reported. 115 In addition, these DNAzyme peroxidises have also been combined with several DNA modifying enzymes, such as polymerases (including RCA) 116 and nicking endonucleases 86, 88, 117 for amplified sensing of nucleic acids.
RNA cleaving deoxyribozymes
Several DNA or RNA detection strategies that use either ribozymes or RNA cleaving DNAzymes have been described. Stojanovic and co-workers demonstrated an interesting concept of catalytic molecular beacons, using a target to open an ''inhibited'' DNAzyme (which was inactivated in a stem-loop format) to reveal a proficient DNAzyme (see Fig. 34 ). 118 A few years after the report by Stojanovic et al. Famulok and co-workers reported the detection of microRNA using hairpin ribozyme 119 (see Fig. 35 ).
Target-assisted self-cleavage (TASC) probe contains a deoxyribozymes (DNA enzymes, DNAzyme) moiety, which can catalytically cleave RNA. 120, 121 The probe contains target-binding arms and is labeled with a fluorophore (FAM) and a quencher (Dabcyl), separated by a short nucleic acids sequence embedding a ribonucleotide phosphodiester bond. When the probe hybridizes with the target, an active DNAzyme is enabled, leading to self-cleavage, thus separating the fluorophore-quencher pair originally placed on the two sides of the ribonucleotide moiety of the DNAzyme. The two fragments then come off from the target allowing another probe to bind again to drive a catalytic cycle (Fig. 36) . 120 In another design, based on RNA cleaving DNAzyme, the catalytic core is split into two inactive parts, and analyte binding arms are linked to each part (MNAzymes, which means multicomponent nucleic acid enzymes). [122] [123] [124] [125] [126] The analyte hybridizes to the two probes, and active DNAzyme is assembled. A fluorescent substrate is cleaved and the fluorescence signal is enhanced (Fig. 37) . 123 In a similar design, based on a more efficient DNAzyme, B0.2 nM analyte was detected after a 3 h incubation. 124 Coupling with other non-linear amplification platforms may further lower the limit of detection.
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Template directed chemical reactions
The preceding section has highlighted enzyme-mediated isothermal detection of DNA or RNA. One of the limitations of enzyme-based methods is that sample quality and the presence of other biomolecules can affect the sensitivity of the method. Secondly, the adaptation of these strategies for detecting nucleic acids in live cells is non-trivial. Therefore there have been efforts aimed at developing non-enzymatic DNA/RNA-templated reactions to be used in genetic diagnostics or for studying nucleic acid processes in vivo. 127 Numerous types of DNA template-catalyzed reactions for detection purposes have emerged in the last twenty years. 128 These approaches are divided into two types: chemical ligation-based method 129 and ligation-free detection. [130] [131] [132] Quenched autoligation-fluorescence energy transfer (QUAL-FRET, see Fig. 38 ) 133, 134 and fluorophore reconstitution ( Fig. 39 ) 135 are two classic examples of the detection of nucleic acids using a ligation-based method whereas templateassisted fluorophore/chromophore generation (Fig. 40 ) [130] [131] [132] 136, 137 and reporter transfer reaction (Fig. 41 ) 138 represent ligationfree methods. QUAL probes can react with each other to generate a signal but the reaction is significantly enhanced when the two probes bind to the same target analyte (effective molarity argument). Typically one of the probes contains a nucleophilic moiety, e.g. phosphorothioate, whereas the other probe contains a leaving group. Autoligation of the probes (S N 2 reaction) ligates the two probes together. If the probe that contains the leaving group contains a quenched fluorophore and if the S N 2 reaction results in the quencher leaving, then fluorescence enhancement will be obtained (Fig. 38) . 133 Reporter transfer reaction, using peptide nucleic acid (PNA) probes, has been used to detect DNA. 138 For this strategy, the PNA probes are both labeled with fluorophores. The donating probe has a fluorophore (FAM) and nearby quencher (Dabcyl), while the accepting probe has a different fluorophore (TAMRA). When the two probes are positioned in proximity to each other by the analyte, a trans-thioesterification transfers the dabcyl moiety to the probe originally labelled with only TAMRA. The subsequent S-N-acyl shift stabilizes the product, making the reaction irreversible. This dabcyl migration from the donating probe to the accepting probe enhances the fluorescence of FAM, while decreasing the fluorescence of TAMRA (Fig. 41) . 138 Therefore the ratio of the fluorescence inten- concentration. Since the reaction is not a ligation, the affinity of the final products should be similar to (and not more than) the original probes so product inhibition is not an issue with this approach. It has been demonstrated that a 20 pM synthetic DNA target could be detected with a signal/background ratio of B1.5 using the reporter transfer strategy. 139 Also this strategy has been combined with an enzyme-linked immunosorbent assay (ELISA) to detect HIV genomic RNA.
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Assays that employ template-directed chemical reactions are enzyme-free and multiple analytes can be identified by employing probes that bear different fluorophores.
141 Similar to enzyme-catalyzed ligation reactions, chemical ligations also suffer from product inhibition. Kool demonstrated a clever solution to this problem by using destabilizing universal linkers (which are hydrocarbon linkers) to decrease the stability of ligated product-target complex (Fig. 42) . 134 Chemical ligations that utilize leaving groups could also suffer from background noise due to the abundance of several nucleophiles, such as amino acids, thiols, and water. Kool has demonstrated that the background problem could be reduced using a FRET approach. 142 In this approach, the nucleophile-modified probe is also labeled with a fluorophore-a FRET acceptor such as Cy5 whereas the probe with the leaving group also contains a FRET donor, such as FAM. Chemical ligation brings the FRET donor and acceptor together for sensing. Since the target-independent hydrolysis of the leaving group would not bring the FRET pair together, undesired hydrolysis does not lead to a FRET signal, although non-specific hydrolysis would erode the concentration of useful probes. The incorporation of a phosphotrithioate into ligation-based methods has been shown to speed up the template-enhanced ligation so that the kinetics of template-directed ligation could compete with the non-specific hydrolysis. 143 Using template-directed reactions, RNAs in cells have been detected. 142, 144 Several other non-enzymatic template-directed chemical reactions that have the potential to be used for diagnostics, using crude samples have also been described; however the sensitivities of methods that rely on chemical reactions have not matched those that employ DNA modifying enzymes, such as polymerases. 130, 136, 145 Non-enzymatic detection of nucleic acids, however, has the potential to work in harsher biological environments or matrices, where the activities of enzymes are usually compromised due to enzyme inhibition. We anticipate that ongoing efforts to develop fast template-directed chemical reactions for sensing applications will continue.
Non-covalent DNA catalytic reactions
Non-covalent DNA catalytic reaction, which uses an input signal (target) to catalyze the release of oligonucleotide that can be used to catalyze the next reaction (see Fig. 43 ) 146 has been used to detect nucleic acids. 146, 147 In most cases the strand-displacement begins after the target nucleic acid analyte has bound to the toehold segment of the initiation probe. Yin et al. designed an exponential detection strategy that utilized numerous catalytic non-covalent DNA reactions to detect as low as 5 fM DNA. 146 In an interesting development, Willner and co-workers have combined toehold-mediated strand displacement and a Zn 2+ -dependent DNAzyme, which ligates two strands, to detect 10 pM Tay-Sachs gene mutant. 148 
Hybridization chain reactions (HCR)
Pierce and co-workers described hybridization chain reaction (HCR) as a process whereby a target DNA or RNA can initiate the assembly of long dsDNA structures, which contain nicked regions (see Fig. 44 ). 149, 150 Probes that are used for HCR are usually in a hairpin form so they do not associate with each other. However, in the presence of a target analyte, one of the stem-loop probes is opened up and this initiates a cascade process, which opens up other hairpin probes to form a long alternating dsDNA structure. By incorporating fluorescent turn-on probes 149, 151 or latent DNAzymes 152 into the hairpin probes, the HCR process can lead to amplified sensing. Fig. 37 Binary deoxyribozyme probes, using a TeHyP strategy. This strategy uses two probes, which have analyte binding arms and substrate binding arms. In the presence of analyte, the two probes bind to the analyte to form a tripartite structure, which is an active DNAzyme. The DNAzyme can then cleave a fluorogenic oligonucleotide, containing rA cleavage site. Ellington and co-workers have demonstrated that the combination of CHA and HCR allows for the detection of nucleic acid hybridization defects and holds promise for the detection of single nucleotide polymorphism. interesting dendrimer DNA nanobarcodes that could be used to detect attomole pathogenic DNA, using a microscope. 156 Yan and co-workers also used a microscope to detect color changes on a DNA tile when a target analyte displaced a fluorescent probe on the DNA tile (see Fig. 45 ). 154 
Conclusions
In the last few years, multitudes of nucleic acid detection methods that operate under isothermal conditions have been described (see Table 2 ). Some of these methods have been
shown to detect few copy numbers of nucleic acids and hold promise for point-of-care diagnostics. Detection strategies that utilize tandem/concurrent amplification strategies could allow for ultrasensitive detection of analytes under isothermal conditions but these strategies utilize many enzymes and reagents, such as nucleotides, and could prove to be expensive. Additionally, the use of many enzymes in a detection assay brings into play other inconveniences such as enzyme storage and the need to find assay conditions that are permissive for all of the enzymes being used. Most DNA modifying enzymes require divalent cations for efficient catalysis but the optimal concentrations of cations are not necessarily the same for all enzymes, so it is almost impossible to use specific cation concentrations that are optimal for all of the enzymes in concurrent catalysis. In some instances, enzymes being used in concurrent reactions might require different additives or temperatures for optimal performance and in some cases an additive that enhances the catalysis of one enzyme might inhibit another enzyme, making the optimization of concurrent catalysis non-trivial. In this regard, templated chemical reactions and nucleic acid enzymes, such as G-quadruplexes, could become popular in point-of-care diagnostics if such systems could be engineered to detect analytes in the femtomolar and atomolar ranges. Additionally, the incorporation of microbes, whose growth could be triggered by a DNA analyte 157 and visualized using cheap instruments could revolutionalize nucleic acid diagnostics, especially in poor areas. 
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